Conidiospores are the asexual propagation units of many plant-pathogenic fungi. In this article, we report an annotated proteome map of ungerminated conidiospores of the ascomycete barley powdery mildew pathogen, Blumeria graminis f.sp. hordei . Using a combination of two-dimensional polyacrylamide gel electrophoresis and matrix-assisted laser desorption ionizationtime-of-flight mass spectrometry, we have identified the proteins in 180 spots, which probably represent at least 123 distinct fungal gene products. Most of the identified proteins have a predicted function in carbohydrate, lipid or protein metabolism, indicating that the spore is equipped for the catabolism of storage compounds as well as for protein biosynthesis and folding on germination.
INTRODUCTION
Blumeria graminis f.sp. hordei ( Bgh ) is the causal agent of powdery mildew in barley (Collins et al ., 2002) . It is one of the major diseases affecting this monocotyledonous plant species, leading to a decrease in yield and quality in barley agriculture. Bgh is one of the most intensively studied powdery mildew fungi and, like all species of the Erysiphales (powdery mildews), it is an obligate biotrophic pathogen, requiring a living plant host for growth and propagation (Both and Spanu, 2004) . Initial events in the asexual life cycle of the fungus comprise spore germination, appressorium formation (Fig. 1A) , host cell penetration and the intracellular establishment of its feeding organ, the so-called haustorium (Green et al ., 2002) . Following successful host cell entry, the fungal mycelium proliferates on the leaf surface and, from about 5 days post-inoculation onwards, numerous spore carriers (conidiophores) emerge to produce large quantities of asexual conidia that are spread to other host plants via the wind ( Fig. 1B ; Green et al ., 2002) .
Despite the extensive research carried out on the barley powdery mildew pathogen, the basic molecular biology of Bgh remains poorly understood (Zhang et al ., 2005) . Its obligate biotrophic lifestyle and our current inability to cultivate the fungus in vitro or effectively manipulate it genetically severely limit the experimental repertoire. Consequently, thorough experimental examination of the powdery mildews at the molecular level has lagged significantly behind that of other pathogenic fungi, in spite of their economic and agricultural importance. Only recently, two studies based on transcript profiling using cDNA microarrays comprising 2027 Bgh genes allowed new insights into Bgh biology. The first study focused on the determinants of pathogenicity (Both et al ., 2005b) , revealing a global shift in gene expression between the pre-and postpenetrative stages of the fungus. In particular, genes encoding polypeptides related to protein biosynthesis exhibited a dramatic increase in transcript abundance, suggesting that the formation of post-penetrative infection structures and the establishment of a stable pathogenic relationship require high levels of de novo protein biosynthesis. The second analysis highlighted a striking degree of apparent co-expression of genes encoding enzymes of particular primary metabolic pathways. Although several genes encoding components of glycolysis were found to be coordinately up-regulated during appressorium formation, transcripts of enzymes involved in lipid catabolism were abundant in conidia and decreased at later developmental stages (Both et al ., 2005a) .
To strengthen our knowledge about obligate biotrophic fungi, and to corroborate or complement transcriptome analyses, it is important to determine the protein equipment of these organisms at various developmental stages. Proteomic technologies, such as protein separation by two-dimensional gel electrophoresis and peptide analysis by mass spectrometry (MS), generally enable the efficient identification and characterization of proteins in filamentous fungi (for a review, see Kim et al ., 2007) . Nevertheless, obligate biotrophs, such as powdery mildews, downy mildews and rust fungi, cannot be cultured extensively in vitro , thereby generally complicating proteomic studies. A lack of comprehensive cDNA data and an absence of partial or full genome sequences further hamper proteome profiling in most cases. Consequently, few proteomic surveys of obligate biotrophs have been reported to date (Cooper et al ., 2006 (Cooper et al ., , 2007 Rampitsch et al ., 2006) .
The only period of development when powdery mildew fungi are free of any biotrophic relationship with their host is the conidium stage, enabling extensive analysis of this developmental phase. Conidia of powdery mildews are asexual, non-motile fungal spores that are dispersed by the wind. They are one-celled, uninucleate, vacuolated and thin-walled organisms (Braun et al ., 2002) that contain glycogen and abundant lipid droplets as storage compounds to fuel germination on contact with the host (Both et al ., 2005a; McKeen, 1970) . Bgh conidia are produced in chains that are connected to the colony via upright spore carriers (conidiophores; Fig. 1B ). The spores normally do not germinate as long as they are attached to the conidiophore, but they do so rapidly on separation. This physiological characterization suggests that conidia are not entirely passive, but that inhibitory processes suppress germination of spores attached to the mother colony (Green et al ., 2002) . Further evidence for pre-germination conidial activity is provided by studies on the secretion of conidial extracellular material (ECM). This substance seems to be released from spores immediately on contact with the leaf surface. ECM exhibits hydrolytic enzyme activities and may contain preformed enzymes, such as esterases, lipases or hydrolases (Green et al ., 2002) .
Little is known about the complex physiological changes that occur during fungal spore germination (Osherov and May, 2001 ). This, in particular, applies to conidia of fungal phytopathogens, which have only recently become the subject of detailed molecular analyses. Global transcript profiling of Bgh and Fusarium graminearum have revealed first snapshots of the changes in gene expression during the early developmental stages of fungal plant parasites (Both et al ., 2005a,b; Seong et al ., 2008) . Reminiscent of the findings in Bgh (see above), the analysis of the F. graminearum transcriptome uncovered a major involvement of genes related to peroxisome biogenesis and fatty acid metabolism in ungerminated spores, whereas germinated spores showed a shift towards the expression of genes involved in metabolism and energy functions using carbon compounds and carbohydrates. In addition to genes related to this metabolic change, F. graminearum germinated spores exhibited elevated transcript levels of genes related to transcription and translation machineries, the cell cycle, cellular transport and cellular biogenesis (Seong et al ., 2008) . At present, only a few proteomic studies have complemented these transcriptome analyses and have provided initial insights into the respective fungal protein equipment (Cooper et al ., 2006 (Cooper et al ., , 2007 . Notably, however, the comparative proteomic analysis of ungerminated and germinated spores of the biotrophic bean rust fungus, Uromyces appendiculatus , revealed only a few significant differences between these two developmental stages, suggesting that the proteome of ungerminated fungal spores represents a valuable approximation of the protein inventory of germinated sporelings (Cooper et al ., 2006 (Cooper et al ., , 2007 .
In this article, we report, to our knowledge, the first proteome analysis of a biotrophic powdery mildew fungus. We have focused on ungerminated asexual conidia, as these fungal structures can be readily collected and provide a homogeneous biological source material of high purity. By combining twodimensional gel electrophoresis with matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) and tandem time-of-flight mass spectrometry (MALDI-TOF/ TOF MS/MS), we were able to determine the identity of 180 protein spots and to establish a functionally annotated reference proteome map for Bgh conidia. A, appressorium; C 1 , conidium; C 2 , conidiophore; H, hypha; P, primary germ tube; S, secondary germ tube. Pictures are courtesy of Sarah Maria Schmidt and Elmon Schmelzer.
RESULTS AND DISCUSSION

Establishment of a proteome map of Bgh conidia
Two batches of approximately 600 mg of fresh Bgh conidia were collected from approximately 200 barley plants that had been inoculated 7 days earlier. From each replicate, approximately 1-2 mg of total protein were extracted and purified by trichloroacetic acid precipitation and phenol extraction. Aliquots (approximately 160 μ g from the first batch) of the purified protein samples were subjected to two-dimensional gel electrophoresis as described in 'Experimental procedures'; the second batch of samples was used as replicates. The samples were analysed in three different pI ranges (pI 3-10, 4-7 and 6-10) on colloidal Coomassie blue-stained gels (Fig. 2) . Initially, 124 spots were cut out and analysed from the pI 3-10 range gel, 136 from the pI 4-7 range gel and 56 from the pI 6-11 range gel, adding up to a total of 316 excised spots (Fig. 3 ). Of these, 230 (116 from pI 3-10, 70 from pI 4-7 and 44 from pI 6-10) were identified by MS analysis as described below, giving rise to an overall identification rate of 73% (Fig. 3) . As judged by manual inspection and comparison of the three gel types, 133 spots were identified from a gel in a single pI range, and 47 were identified from gels in multiple pI ranges (Fig. 4) . This partial redundancy resulted in a final number of 180 distinct identified spots, represented by the entirety of 230 characterized spots from the three gel types (Figs 3 and 4) . Owing to the two-dimensional gel electrophoresis separation procedure employed, these are expected to comprise predominantly soluble cytoplasmic proteins.
Protein identification
All protein spots were processed by automated in-gel tryptic digestion and MALDI-TOF MS analysis to generate peptide mass fingerprints (PMFs). Sequence information for selected peptides was then obtained from the samples by MALDI-TOF/TOF MS/MS using laser-induced dissociation (Suckau et al ., 2003) . Co-migration of multiple proteins in two-dimensional gel electrophoresis was observed in the case of 10 of the 230 spots successfully analysed in this study. In each of these instances, two or three distinct polypeptides were identified by a combination of MALDI-TOF and TOF/TOF analysis ( Fig. 2; Table 1 ). Initially, the spectra of 113 protein spots were directly assigned to at least one known protein (GI accession) by screening the National Center for Biotechnology Information non-redundant (NCBInr) database. This procedure revealed mostly hits from fungi other than Bgh , indicating that these polypeptides represent conserved fungal proteins (Table 1) . The spectra of all spots were then searched against publicly available Bgh expressed sequence tags (NCBI ESTs) and the Bgh draft genome sequence (assembly from June 2007) kindly provided by P. Spanu and coworkers (Imperial College, London, UK; unpublished data) (http://www.blugen.org/). These searches revealed that more than one-half of the previously assigned spectra (73 of 113) also matched to Bgh ESTs and, furthermore, led to the identification of an additional 44 proteins based on Bgh ESTs and 23 proteins based on open reading frames (ORFs) predicted from Bgh genomic contigs (Supplement S1, see 'Supporting Information'). For the latter two modes of identification the corresponding translated sequences were used for BLAST searches against the NCBInr database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the best hit was used to annotate the particular polypeptide (Tables 1 and S1, and Table S1 caption, see 'Supporting Information'). In total, 117 annotated proteins matched to Bgh ESTs (73 Bgh homologues of hits against the NCBInr database plus 44 'EST-only' hits), meaning that 63 ( c . 35%) are proteins that are currently not represented by Bgh ESTs of sufficient length or quality (Fig. 3) . This clearly underscores the value of investigations at the proteome level as a useful complement to transcriptome studies and/or genome annotation. The final annotation of the Bgh spore proteome (comprising 180 identified spots as described above) revealed a total of 174 spots with either direct or indirect hits to polypeptides, whereas six spots resulted in matches to Bgh ESTs with no counterpart in the protein databases (Table 1, spots 174-179) . Of the 174 protein hits, 11 (6%) matched directly to published Bgh proteins, 153 (88%) corresponded to homologues from other fungal species and only 10 (6%) matched homologues of non-fungal organisms (e.g. plants, protists, bacteria and animals). The observed paucity of Bgh -derived protein hits is not surprising as only 51 Bgh polypeptide entries are currently (June 2008) present in the NCBInr database. It is conceivable that the proteins that do not match to fungal proteins result from organisms contaminating our biological source material.
Given the relatively poor number and completeness of publicly available Bgh sequences, most identifications presented in Tables 1/S1 were found on the basis of local homology by MS/MS searching. The comparatively low sequence coverage for most proteins reflects this limitation; many matches either represent homologues from other organisms or incomplete Bgh sequences (ESTs). As all sample spectra were searched against multiple public sequence resources, the best hit is reported in each case. Where identifications could only be achieved using ORFs of the Bgh draft genome, the sequences of the translated ORFs are available as a FASTA file in the Supporting Information (Supplement S1). In the light of these constraints, the current study focuses on the functional classification of the identified proteins, rather than their correlation to individual genes in an incomplete genome.
The identified proteins ranged in calculated molecular mass from 15.4 to 174 kDa, and in calculated pI from 4.6 to 11.3, thus encompassing a broad range of biophysical properties (Table 1) . The predicted molecular masses and isoelectric points for the majority of the identified proteins were consistent with the experimental data, as judged from the location of the respective polypeptide spots within the two-dimensional gels. This further corroborates the predicted identity of the recognized polypeptides. Exceptions include, for example, spots 42, 52 and 147, which exhibited a higher molecular mass than calculated.
Conversely, products related to spots such as 62, 125 and 138 showed a lower molecular mass compared with the calculated value. Likewise, the location of some spots within the gels did not conform to the calculated pI (see Table 1 for details). These deviations could result from atypical migration in the two-dimensional gels, from post-translational modifications or from partial degradation of intact proteins during the extraction procedure. Given the indirect identification of most polypeptides via fungal species other than Bgh , interspecies variation could also explain these discrepancies. After functional classification of the identified proteins (see below), all analysed proteins were designated with unique spot numbers indicated on the corresponding gels shown in Fig. 2 . Taken together, this analysis provides a first reference map of the Bgh spore proteome.
Presence of polypeptide isoforms
Identical functional annotations of distinct spots may result from either post-translational modifications of the same gene product or from the presence of sequence-related isoforms (paralogues) encoded by distinct genes. In the case of species for which no fully annotated genome sequence is available, these two scenarios are often difficult or even impossible to distinguish on the basis of MS data. Owing to this constraint, we cannot provide an exact number of distinct gene products identified in our study, but base our estimate on two simplifying assumptions. Firstly, two distinct spots whose best matches from the NCBInr database come from different species may represent paralogues rather than modified forms of the same protein, as the respective data sets appear to 'select' distinct sequences. However, as the different hits may also arise from variations in spectral quality, and because we have not performed exhaustive spectral and sequence comparisons to determine uniqueness, even true paralogues may remain unresolved in our survey. Alternatively, modified forms of the same protein could also selectively match different sequences. Secondly, horizontal strings of spots in conjunction with identical identification almost certainly indicate a single gene product with post-translational modifications that change the pI, but not the observed molecular mass (e.g. phosphorylation). In our analysis, examples of this type comprise spots 13-17, 32-36 and 38-39. Based on these simplifying criteria, we estimate that the 180 distinct spots identified in our study represent at least 123 unique proteins.
Functional classification
Predicted functional categories were allocated to the identified proteins based on the biological process annotation routine of PANTHER software (Mi et al ., 2007; Thomas et al ., 2003 ; http:// www.pantherdb.org/). This assignment was completed manually when proteins well described in the literature were not allotted any function. In total, proteins corresponding to 161 spots were assigned to a PANTHER biological process heading. Six annotated polypeptides were not linked to a biological process heading, and 13 spots (six of which have the same identification) correspond to hypothetical proteins without functional annotation. This indicates that a few of the proteins are novel or uncharacterized polypeptides involved in unidentified cellular processes, some of which may be specific to the biotrophic lifestyle and/or pathogenicity.
Most of the proteins identified are classified as metabolic proteins (almost 75%; Fig. 5 ). Metabolic polypeptides are often highly abundant soluble proteins and are thus generally well represented in proteomic studies. This also applies to the analysis of fungal proteomes, where metabolic proteins accounted, for example, for 66% of the proteins identified in the uredospores of the phytopathogenic basidiomycete U. appendiculatus (Cooper et al ., 2006) . Likewise, 65% of the polypeptides identified in hyphal forms of the ascomycete Candida albicans , a major systemic pathogen of humans, correspond to metabolic proteins (Hernández et al ., 2004) , although only 20% of the ORFs in C. albicans encode proteins devoted to metabolism (Yin et al ., 2004) . Taken together, it appears that dormant asexual fungal spores exhibit an abundance of metabolic proteins similar to metabolically active fungal hyphae. This suggests that, in spores, the molecular machinery required for energy production and the biogenesis of cellular compounds that are necessary for and after spore germination is preformed to rapidly initiate vegetative growth.
In detail, 27% of the identified polypeptides are involved in carbohydrate metabolism (Fig. 5) . Several of these proteins are responsible for energy production, such as citrate synthase and lyase, α -ketoglutarate dehydrogenase and malate dehydrogenase, which are all involved in the tricarboxylic acid cycle. Others, for example enolase, pyruvate kinase, pyruvate dehydrogenase, phosphoglycerate kinase, phosphoglyceromutase, phosphoglucomutase, glyceraldehyde-3-phosphate dehydrogenase and fructose-bisphosphate aldolase, are important enzymes of glycolysis and/or gluconeogenesis. Additional identified enzymes (e.g. transaldolase, transketolase and 6-phosphogluconate dehydrogenase) catalyse reactions of the pentose phosphate pathway, and the glycogen branching enzyme is part of glycogen metabolism. Polypeptides involved in lipid, fatty acid and steroid metabolism represent approximately 2% of the classified proteins (Fig. 5 ). Glycogen and lipids have been described as major storage forms of carbon and energy in Bgh conidia, and it has been suggested that glycogen and lipid catabolism represent key sources of energy allocation in germinating powdery mildew conidia (Both et al ., 2005a) . Our proteomic analysis supports this assumption, indicating that crucial enzymes of these catabolic pathways are preformed in conidia, enabling swift energy conversion during spore germination.
Another functional category represented by multiple members is devoted to protein metabolism and modification (23% of the identified polypeptides; Fig. 5 ). This class includes various proteins with distinct functions, such as different peptidases, cyclophilins (peptidyl-prolyl cis / trans -isomerases), heat shock proteins, ribosomal proteins and translation/elongation factors. Taken together, these polypeptides point to a key role for protein biosynthesis and folding in Bgh conidia. This scenario is reminiscent of the situation in uredospores of the biotrophic bean rust fungus U. appendiculatus , where the majority of the identified polypeptides were also found to be involved in protein assembly and catabolism (Cooper et al ., 2006) . It seems that both Bgh conidiospores and rust uredospores are pre-equipped with the necessary components to initiate protein production rapidly on germination.
Components of amino acid metabolism make up approximately 11% of the identified proteins (Fig. 5) . In a broader sense, proteins of this class also contribute to protein biosynthesis and turnover, thus further corroborating the above-mentioned hypothesis. Biological processes related to nucleoside, nucleotide and nucleic acid metabolism also account for roughly 11% of the polypeptides identified in our analysis (Fig. 5) . In addition, a number of annotated proteins (4%; Fig. 5 ) are well-known stress response or cell defence proteins. They are mainly redox regulatory proteins (e.g. peroxiredoxin, catalase, peroxidase) involved in protection against oxidative stress. Pathogenic microbes often trigger a localized oxidative burst in their host species at sites of attempted invasion (Hückelhoven and Kogel, 2003) . The identified antioxidative proteins may be required for protection against this presumptive plant defence response (Zhang et al ., 2004) . The remaining identified proteins were associated with intracellular protein traffic, protein targeting and localization, signal transduction, transport and electron transport (around 2% each; Fig. 5 ).
CONCLUSIONS
Our study has generated the first annotated proteome map of a powdery mildew fungus. It corroborates the hypothesis that asexual fungal spores, like pollen grains of plants (Holmes-Davis Table S1 and caption. ‡Please note that spots 20 and 101, 28 and 170, 69 and 89, 136 and 152, 143 and 181 (pI 3-10 gel), 20 and 101, 53 and 121 (pI 4-7 gel) , as well as 36, 157 and 167 (pI 6-10 gel), comigrated in the mentioned gel types. §Gel A, pI 3-10 (Fig. 2A) ; gel B, pI 4-7 (Fig. 2B) ; gel C, pI 6-10 (Fig. 2C) . ¶A tick indicates that the reported identification/annotation is supported by a significant hit to a homologous Bgh expressed sequence tag (EST) in a mass spectrometry (MS) or MS/MS search. † †Description and species origin of the corresponding protein accession or the closest homologue of Bgh EST/genomic sequences as determined by BLAST search (see http:// blast.ncbi.nlm.nih.gov/Blast.cgi). In the latter cases, GI numbers of BLAST hits are given in parentheses (hyp. prot., hypothetical protein). n.a., not applicable, as no sequence with significant homology in any other species.
‡ ‡Molecular mass (kDa) and isoelectric point (pI) of the identified protein. These values are given according to ProteinScape software (Bruker Daltonics) when spots were identified by a protein accession. When identified from EST or genomic Bgh sequences, the expected pI and molecular masses were determined using the Expasy Compute pI/Mw tool and the best BLAST hit to the partial sequence. When the observed (obs.) molecular mass and/or pI was different from the expected value, both are indicated. n.a., not applicable, as best match is against an EST for which no molecular mass or pI can be calculated. § §Sequence coverage (percentage of the complete protein sequence; n.a., not applicable, as best match is against an EST for which no sequence coverage can be calculated by ProteinScape software) and Mascot score (see http://www.matrixscience.com) of the hit found by MS/MS or MS (indicated by *) searches. Sequence coverage is calculated from the peptide mass fingerprint (PMF) identification, when present (see Table S1 ). In cases in which the same protein was identified by both means, the higher score is reported. Scores falling above the significance threshold for the respective database and search type are printed in bold black type. In the case of searches of the National Center for Biotechnology Information non-redundant (NCBInr) database, scores for fungal hits falling below the 95% significance threshold for the entire database, but above the significance threshold for a search of fungal proteins, are printed in normal black type. Subsignificant scores are indicated by grey background. For significance thresholds, see Supplement S3. The identification for spot 98 was viewed as significant because it was the top scoring hit of both the PMF and MS/MS searches, although both scores were subthreshold. Noir et al., 2005) , can be considered as mobile protein factories that are 'ready to start' on physical contact with a suitable (host) surface. This map provides a basis for the comparative proteomic analysis of further developmental phases of these obligate biotrophic phytopathogens. The proteomic features specific to the feeding organs (haustoria), in particular, promise to be a rich source of information on the biotrophic lifestyle.
EXPERIMENTAL PROCEDURES
Growth conditions of plants and fungi
Barley (Hordeum vulgare, I10, a near-isogenic line of cultivar Ingrid containing the Mla12 resistance gene) plants were grown from seed in a controlled environment at 17 °C, with a 16-h light/ 8-h dark cycle. Plants were inoculated at the age of 7 days by dusting fresh conidia from infected plants with sporulating Blumeria graminis f.sp. hordei (race K1). Conidia for proteomic analysis were collected from sporulating colonies at 7 days postinoculation using a customized vacuum system (adapted from Johnson-Brousseau and McCormick, 2004) , and stored at -80 °C until protein extraction.
Protein extraction and purification
Bgh conidia (approximately 600 mg/replicate) were ground in liquid nitrogen and a small amount of sand using a mortar and pestle. The fine powder was suspended in 1 mL of extraction buffer [50 mM Tris-Base pH 8.0; 10 mM ethylenediaminetetraacetic acid (EDTA); 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulphonate (CHAPS); 10 mM dithiothreitol (DTT); one protease inhibitor cocktail tablet (Roche, Mannheim, Germany)]. Extraction was performed by subjecting the sample to five repetitions of vortexing (30 s each), interrupted by short pauses on ice (30 s each). After centrifugation at 16 000 g for 5 min at 4 °C, the supernatant was removed and stored on ice. From the remaining pellet, the extraction procedure was repeated with 500 μL of extraction buffer, and the supernatants were pooled. The protein concentration of the supernatant was determined by the Bradford assay with bovine serum albumin as the standard. From the supernatants, the proteins were precipitated with one volume of 10% trichloroacetic acid in acetone overnight at -20 °C. After centrifugation at 10 000 g for 15 min at 4 °C, the supernatant was discarded and the pellet was washed with chilled 90% acetone. Residual liquid was removed and, after drying on ice, the crude extract was stored at -80 °C until electrophoretic analysis. Before loading for isoelectric focusing (IEF), the crude protein pellet was solubilized in 0.7 mL of dense sodium dodecylsulphate (SDS) buffer [0.1 M pH 8.0 Tris-HCl; 30% (w/v) sucrose; 2% (w/v) SDS; 5% (v/v) 2-mercaptoethanol]. Then, 0.7 mL of Tris-buffered phenol pH 8.0 (Biomol, Hamburg, Germany) was added, and the resulting mixture was vortexed for 30 s. After centrifugation, the phenol phase was collected and five volumes of chilled 0.1 M ammonium acetate in methanol were added. Samples were kept overnight at −20 °C for precipitation. After centrifugation, the pellet was washed twice with chilled 0.1 M ammonium acetate in methanol and twice with 80% (v/v) acetone.
Two-dimensional gel electrophoresis
Two-dimensional polyacrylamide gel electrophoresis was performed using the NuPAGE ZOOM Benchtop Proteomics system (Invitrogen, Carlsbad, CA, USA). Proteins (160 μg) were solubilized in 160 μL of sample rehydration buffer [7 M urea; 2 M thiourea; 2% CHAPS; 0.5% ZOOM Carrier Ampholytes pH 3-10 (Invitrogen); 20 mM DTT; 0.1% bromophenol blue]. Prior to IEF, ZOOM strips (length, 7.7 cm) pI 3-10 non-linear, pI 4-7 linear and pI 6-10 linear (Invitrogen) were incubated for 16 h in the rehydration solution containing the sample; IEF was conducted using the following step gradient: 0-175 V (1 min), 175 V (15 min), 175-2000 V (45 min), 2000 V (25 min). After IEF, the strips used for gel electrophoresis were first equilibrated in 4.5 mL of lithium dodecylsulphate (LDS) sample buffer, together with 0.5 mL of 10 × sample reducing agent (Invitrogen), and subsequently in the same solution containing 125 mM iodoacetamide without reducing agent (15 min each). The samples were separated in the second dimension on NuPAGE Novex 4%-12% Bis-Tris ZOOM gels (8 cm × 8 cm) in 2-(N-morpholino)ethanesulphonic acid (MES)-SDS running buffer (Invitrogen), and the proteins were stained with colloidal Coomassie blue using PageBlue (Fermentas, Vilnius, Lithuania).
In-gel digestion and MS
After two-dimensional gel electrophoresis, spots of various intensities were visually selected, robotically picked (PROTEINEERsp, Bruker Daltonics, Bremen, Germany) and tryptically digested in gel (PROTEINEERdp, Bruker Daltonics). Aliquots of the digests were automatically spotted onto AnchorChip targets (Bruker Daltonics) in a thin-layer preparation with α-cyano-4-hydroxycinnamic acid for subsequent MALDI-TOF analysis, according to Gobom et al. (2001) . The mass spectra of tryptic peptides were acquired with a Bruker Daltonics Ultraflex III MALDI-TOF/TOF spectrometer (for instrument parameters, see Supplement S2 in 'Supporting Information'). The resulting PMFs were processed in FlexAnalysis 3.0 (Bruker Daltonics) and used to identify the corresponding proteins in the ProteinScape 1.3 database system (Protagen AG, Bruker Daltonics, Bremen, Germany), which triggered Mascot (Matrix Science Ltd., London, UK) searches. All samples were then recrystallized on the target by the addition of 1 μL of recrystallization solution (ethanol, acetone and 0.1% trifluoroacetic acid in a 6 : 3 : 1 ratio) and subjected to MALDI-TOF/TOF analysis. LIFT MS/MS spectra (Suckau et al., 2003) were collected for selected precursors according to the following policy: when a protein was identified from the PMF (Mascot score exceeding 95% probability threshold), two assigned peptides of sufficient strength were fragmented for verification and three unassigned peptides were fragmented for further elucidation; when initial searches indicated multiple proteins, the precursor selection was altered by hand to try to verify all initial hypothetical identifications; when initial searches yielded no hits to the PMFs, five precursors were selected on the basis of signal quality alone.
Database searching
MS and MS/MS data were used to screen the NCBInr database (version 2007_12-26) (http://www.ncbi.nlm.nih.gov/entrez/ query.fcgi?db=Protein). The mass spectral data were also searched against Bgh ESTs in all six reading frames (NCBI EST status as of 5 February 2008) and against translated ORFs generated from the current (assembly June 2007) Bgh draft genome sequence (P. Spanu and coworkers, unpublished data; http://www.blugen.org/). Scores exceeding the Mascot 95% probability limit or the peptide identity threshold for the respective database are presented in boldface black type. Scores exceeding the 95% threshold for fungal protein searches are printed in normal black type. When identified by both MS and MS/MS data, the higher Mascot score is presented in Table 1 . A complete listing of all scores and matching peptide sequences is provided in Table S1 , and a listing of the Mascot significance thresholds for the various databases is listed in Supplement S3 (see 'Supporting Information'). Sequence coverage was computed from the PMF match, when present. Matches obtained only through MS/MS searches have a correspondingly low coverage. No sequence coverage was computed for EST matches as these do not correspond to full-size proteins.
When identified from ESTs or Bgh ORFs, BLAST searches were performed to obtain a match to a full-length protein; then, the predicted pI and molecular mass (MM) were determined using the Expasy Compute pI/Mw tool (http://expasy.org/tools/pi_tool.html). For protein accessions identified directly, these values were calculated by ProteinScape software (Bruker Daltonics).
Functional categories were assigned according to the PANTHER (Protein ANalysis THrough Evolutionary Relationships) classification system (http://www.pantherdb.org/), and refined by hand when necessary. 
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